An atrazine-degrading bacterial culture was isolated from an agricultural soil previously impacted by herbicide spills. The organism was capable of using atrazine under aerobic conditions as the sole source of C and N. Cyanuric acid could replace atrazine as the sole source of N, indicating that the organism was capable of ring cleavage. C was negligible, in keeping with the fully oxidized valence of the ring carbon. Chloride release was stoichiometric. The formation of ammonium during atrazine degradation was below the stoichiometric amount, suggesting a deficit due to cellular assimilation and metabolite-N accumulation. With excess glucose and with atrazine as the sole N source, free ammonium was not detected, suggesting assimilation into biomass. The organism degraded atrazine anaerobically in media which contained (i) atrazine only, (ii) atrazine and glucose, and (iii) atrazine, glucose, and nitrate. To date, this is the first report of a pure bacterial isolate with the ability to cleave the s-triazine ring structure of atrazine. It was also concluded that this bacterium was capable of dealkylation, dechlorination, and deamination in addition to ring cleavage.
kg in the United States (21) . Its widespread use has caused environmental concern on the basis of frequent detection of atrazine and other pesticides in surface water (17, 20) , rainwater (15) , tile drainage (14) , and groundwater (2) at concentrations frequently exceeding the maximum contaminant level of 3 g liter Ϫ1 set by the U.S. Environmental Protection Agency. Atrazine has been classified as a moderately persistent herbicide, with half-lives ranging from several days in estuarine sediments (9) to several months in soils (10, 19) . However, residues of both the parent compound and its derivatives have been detected in soils years after application (18) . Half-lives of the compound have been shown to exceed 170 days in aquifer sediments (16) . The primary mechanism for the dissipation of atrazine from the environment is through biological degradation. Dealkylation appears to be the first step in the degradative pathway, with the removal of the ethyl side chain generally preceding the removal of the isopropyl group (Table 1) . However, preferential deisopropylation of atrazine has been reported for a Pseudomonas sp. capable of dealkylation and dehalogenation (1) . The alkyl side chains contain the only carbons capable of providing energy to microorganisms through oxidation (5) . On the basis of the accumulation of dealkylated degradation products in soils treated with atrazine, it seems that the side chain carbon is susceptible to microbial attack. Various pure and mixed cultures that are capable of utilizing s-triazines as N sources have been isolated (4, 7, 11, 22) . Biologically mediated dehalogenation has been definitively demonstrated (12) . However, to date, there have been no unambiguous reports of pure cultures capable of degrading parent s-triazine herbicides past the point of ring cleavage. In this work, a bacterial culture capable of cleaving and partially mineralizing the atrazine ring was isolated from pesticide-contaminated agricultural soil. To our knowledge, this is the first reported isolate to degrade atrazine beyond the point of ring cleavage.
MATERIALS AND METHODS

Chemicals.
The chemical structures and nomenclature of the triazine compounds used in this study are shown in Table 1 . Atrazine (CIET) and its metabolites (2-hydroxy- 
, and deethyl-2-hydroxy-s-triazine [OIAT]) were obtained from Chemservice (West Chester, Pa.) (purity exceeded 98%). Cyanuric acid (OOOT), melamine (AAAT), and biuret were obtained from Aldrich Chemical (Milwaukee, Wis.) (purities of 98, 99, and 97%, respectively). Urea was obtained from Mallinckrodt (Paris, Ky.) (purity exceeded 99%). All reference compounds were used without further purification. All other chemicals used were of reagent grade or better. Solvents for high-performance liquid chromatography (HPLC) analyses were purchased from Fisher Scientific (Pittsburgh, Pa.).
Enrichment and isolation. Soil samples were taken from several agricultural soils and subsurface sediments as well as from a pesticide mixing and loading area and used to inoculate enrichment cultures. The basal salts medium amended with atrazine (BSMA) had the following composition (per liter): K 2 HPO 4 , 0.5 g; (NH 4 ) 2 SO 4 , 0.5 g; MgSO 4 ⅐ 7 H 2 O, 0.5 g; FeCl 3 ⅐ H 2 O, 10 mg; CaCl 2 ⅐ H 2 O, 10 mg; MnCl 2 , 0.1 mg; ZnSO 4 , 0.01 mg; atrazine, 22 mg (0.1 mM) (pH 6.8). The buffered atrazine solution was weighed into shake flasks and autoclaved for 30 min at 121ЊC. The solution was analyzed by HPLC before and after sterilization to confirm the thermal stability of atrazine. The sterilization procedure resulted in no detectable loss of atrazine from enrichment solutions. The sulfate salts and trace elements (chloride salts of Fe, Ca, Mn, and ZnSO 4 ) were sterilized separately and added to each enrichment culture aseptically. In some experiments, ammonium was either deleted or replaced by KNO 3 (0.77 g liter
Ϫ1
). The BSMA formulation was also modified by the addition of glucose (0.2 or 1 g liter
). Four medium formulations were used for enrichment cultures under aerobic and anaerobic conditions: BSMA supplemented with glucose, NH 4 ϩ -free BSMA supplemented with glucose and nitrate, NH 4 ϩ -free BSMA supplemented with glucose, and NH 4 ϩ -free BSMA. The loss of atrazine over time was measured by HPLC. Several stable mixed cultures capable of degrading atrazine were obtained. The most effective atrazine-degrading cultures resulted from NH 4 ϩ -free enrichments in which atrazine was provided as the sole source of N. In an attempt to eliminate satellite growth, mixed cultures were serially diluted in culture media and the loss of atrazine was again measured over time. The highest dilution that still exhibited degradation of atrazine was diluted in phosphate buffer and spread plated onto minimal salts agar which contained atrazine. All incubations were at 25 Ϯ 2ЊC. Colonies present after 1 week were purified, and their abilities to degrade atrazine were confirmed in liquid media.
An atrazine-degrading bacterial isolate, M91-3, was purified from enrichments. Aerobic growth of the isolate in NH 4 ϩ -free BSMA with glucose was monitored by measuring optical density at 660 nm (OD 660 ). Because of the low solubility of atrazine (0.15 mM), there was little increase in biomass, and the OD was too low to measure when atrazine was supplied as the sole source of C and N. Therefore, growth was measured by standard plate count technique on Trypticase soy agar plates.
Media for anaerobic experiments were prepared under an atmosphere of CO 2 -H 2 (90:10 [vol/vol]). Serum bottles (50 ml) that contained 40 ml of medium were inoculated and sealed with butyl rubber stoppers and aluminum crimp tops. Samples (0.5 ml) were removed periodically with a sterile syringe for HPLC analysis. Changes in OD were not monitored under anaerobic conditions.
Utilization of a variety of s-triazine derivatives as sole sources of N in glucosesupplemented (200 mg liter Ϫ1 ) minimal salts media was also tested. The concentrations of these test compounds (Table 1) were standardized relative to the N content of 0.1 mM atrazine. Cultures were monitored for changes in OD as a measure of growth.
The degradation of atrazine in enrichment cultures and growth experiments was evaluated by the loss of the parent compound. Samples (0.5 ml) for atrazine analysis were extracted with methanol or acetonitrile (1.0 ml) in microcentrifuge tubes and centrifuged at 15,400 ϫ g for 15 min. Atrazine was analyzed by HPLC with an ABI 400 solvent delivery system equipped with an ABI 783-A UV detector set at 220 nm. Samples (50 l) were injected onto an Alltech C-18 Econosphere column (5-m pore size; length, 25 cm) with a Spectra Physics SP8875 autosampler and eluted with an isocratic mobile phase of 55% acetonitrile-45% water (vol/vol). HPLC analyses in all other experiments were conducted with either an ABI Spectraflow 400 equipped with an ABI Spectraflow 757 UV detector or an Altex model 101A HPLC equipped with a Waters Lambda Max model 481 LC spectrophotometer and Waters data module integrator.
Atrazine degradation by nongrowing cells.
To investigate the inducibility of the degradative system, a culture was grown to early stationary phase in NH 4 ϩ -free BSMA supplemented with 1 g of glucose liter
Ϫ1
. A second culture was grown in atrazine-free medium which was supplemented with an equivalent level of N added as NH 4 ϩ . After growth, cells were harvested by centrifugation and washed three times in 6.5 mM phosphate buffer (pH 7.2). Cultures were resuspended in Tris-HCl buffer (50 mM; pH 7.2) containing atrazine (0.1 mM) to a biomass density of 109 g ml
. Samples of cell suspensions were taken at 2-h intervals and analyzed by HPLC to determine the loss of atrazine.
Metabolite identification. One-liter cultures in NH 4 ϩ -free BSMA with and without glucose (1 g liter
) were grown in 3-liter Fernbach flasks and sampled at 2-h intervals to isolate and identify stable or transient metabolic intermediates during the degradation of atrazine. Samples were taken, split, and processed as previously described for reverse-phase HPLC, normal-phase HPLC, and NH 4 ϩ and Cl Ϫ analyses. Dealkylated atrazine derivatives and 2-hydroxyatrazine were analyzed by reverse-phase HPLC with a C-18 solid phase (Econosphere C-18 column; Alltech Associates, Inc., Deerfield, Ill.) and an isocratic mobile phase of acetonitrile-water ( (prepared by dilution with cold atrazine) in 50 ml of media in 125-ml Erlenmeyer flasks sealed with silicon stoppers with ports for inlet aeration and exhaust gas. Flasks were sparged with filter-sterilized air, and exhaust gases were passed through 10 ml of 1 M KOH solutions to trap evolved 14 CO 2 . Three aliquots of culture liquid (0.5, 0.1, and 0.5 ml) were taken periodically. One aliquot was used to measure the loss of atrazine by HPLC analysis, and a second was used to determine the loss of radioactivity from solution. The third aliquot was filtered (0.2-m-pore-size membrane) to collect cells for the measurement of assimilated 14 C. Filters were washed with three 10-ml aliquots of the basal salts medium (BSM) to remove any residual 14 C adsorbed to the exteriors of cells or filters. Filters were placed in scintillation vials which contained 10 ml of scintillation cocktail (Scintiverse BD; Fisher Scientific) and counted with a Beckman LS8000 liquid scintillation counter. The counting efficiency of the instrument was determined each day by an external standard method and determined to be 91.5% Ϯ 0.5%.
TLC of culture media. The mineralization experiment described above was repeated with twice the radioactivity (0.4 Ci mol Ϫ1 ), and 1-ml samples of culture medium were taken after 14 CO 2 evolution had ceased. Samples were centrifuged, and the supernatant was analyzed by thin-layer chromatography (TLC) to check for the presence of biuret and urea, which were the expected ring cleavage products. Standards (25 mg ml
) of biuret and urea were prepared in reagent-grade ammonium hydroxide. The standards (approximately 6 l each) and samples of culture solutions (100 l) were spotted onto precoated, glass, oven-dried, cellulose TLC plates. The mobile phase consisted of 40% t-butyl alcohol, 30% methyl ethyl ketone, 10% ammonium hydroxide, and 20% water (vol/vol). After plates were developed and air dried, the outer one-third of each plate (the lane containing the radioactivity) was divided into 1-cm sections. Each section was scraped from the plate and transferred to scintillation vials for counting. The biuret and urea standards were visualized by spraying the plate with a color reagent (1 g of 4-dimethylaminobenzaldehyde in 75 ml of methanol-25 ml of concentrated HCl). Color development was aided by gently heating the TLC plate for several minutes on a hot plate. The relative mobilities of biuret and urea were determined and compared with the relative mobility of radioactivity on the plate.
RESULTS
Initial enrichment results indicated that there was little biodegradation of atrazine in surface soil and subsurface sediment samples (16) . After successive enrichments, several mixed cultures capable of atrazine degradation were eventually obtained. Purified colonies (a total of 52 isolates) from these mixed cultures were tested for the ability to degrade atrazine as a source of C, N, or both. A single isolate which used both the C and N of atrazine was derived from a surface soil from a pesticide mixing area.
The isolate, M91-3, degraded atrazine under all cultural conditions tested (Fig. 2) , BSMA supplemented with glucose, NH 4 ϩ -free BSMA supplemented with glucose and nitrate, NH 4 ϩ -free BSMA supplemented with glucose, and NH 4 ϩ -free BSMA. Growth with glucose could be measured as OD 660 ( Fig.  2A through C) . Increases in OD were negligible in media supplemented with 0.1 mM atrazine as the sole source of C and N. This concentration is equivalent to 67% of the saturation concentration. Under these conditions, viable counts increased by approximately 2 orders of magnitude in the 10 4 to 10 6 CFU ml Ϫ1 range (Fig. 2D) . The loss of atrazine in uninoculated, sterile controls was not evident. Growth with glucose was not observed in NH 4 ϩ -and atrazine-free media, indicating that the observed growth occurred at the expense of atrazine and was not the result of N 2 fixation. It was concluded that the atrazine-degrading phenotype was a stable trait on the basis of the rapid disappearance of atrazine from cultures inoculated with cells previously subcultured for a minimum of five growth cycles in media which lacked atrazine.
The isolate, M91-3, a gram-negative, facultatively anaerobic, motile rod, was able to reduce nitrate. The following API-NFT (bioMèrieux Vitek, Inc.) tests were positive: urease, esculin hydrolysis, ␤-galactosidase, glucose, arabinose, mannose, mannitol, N-acetyl-D-glucosamine, maltose, D-gluconate, L-malate, and oxidase. Negative tests included tryptophanase, glucose fermentation, arginine dihydrolase, gelatinase, caprate, adipate, citrate, and phenylacetate. The API-NFT system typed the isolate as Agrobacterium radiobacter, whereas fatty acid profiling (MIDI, Newark, Del.) identified the isolate as a Xanthobacter sp. (similarity index ϭ 0.49). Both methods were deemed to have given an inconclusive identification. Additional characterization with the Biolog system yielded no match (similarity index, Ͻ0.05). . The lack of stoichiometry of NH 4 ϩ formation suggested that N remained in the solution as metabolite-N or was assimilated. Attempts to measure biuret and urea levels by normal-phase HPLC (6) were unsuccessful because of a lack of resolution.
The ability of the isolate to utilize various s-triazine intermediates as N sources was tested on the basis of increases in OD in NH 4 ϩ -free BSM supplemented with the test compound and glucose. The isolate utilized CIAT, CEAT, CAAT, OAAT, and OIET as N sources when provided with glucose as a C source (Fig. 3A) . Negligible growth was observed when OIAT, AAAT, or biuret were supplied as N sources, whereas urea supported growth (Fig. 3A and B) . OOOT could serve as an N source, suggesting that the organism was capable of s-triazine ring cleavage (Fig. 3C) . Growth with either atrazine (Fig. 2C ) or cyanuric acid (Fig. 3C) as the sole N source was delayed until the substrate was almost completely depleted from the culture medium, suggesting that growth was dependent on the release of N from ring cleavage.
Atrazine was completely depleted within 8 h in washed-cell experiments with bacteria previously grown with atrazine (Fig.  4) . The disappearance of atrazine appeared to follow firstorder kinetics, with a rate constant of Ϫ0.44 h Ϫ1 determined with 0.11 mg (dry weight) of cells ml Ϫ1 at 22ЊC. In contrast, decreases in atrazine concentration in cell suspensions previously grown in glucose and NH 4 ϩ were minimal during the course of the experiment (Fig. 4) .
The isolate slowly degraded atrazine in the absence of O 2 in NH 4 ϩ -free BSM supplemented with (i) atrazine only, (ii) atrazine and glucose, and (iii) atrazine, glucose, and nitrate. An approximate 50% loss of atrazine was observed after 250 h. Similarly, atrazine was also degraded when it was provided as the sole source of C in the presence of NO 3 Ϫ . There was no loss of atrazine in cultures amended with atrazine, glucose, and ammonium or in uninoculated controls.
The mineralization of [U-ring- 14 C]atrazine was measured in NH 4 ϩ -free BSMA with and without glucose. With atrazine as the sole source of C and N, approximately 40% of the initial radioactivity was recovered as 14 CO 2 while 60% of the radioactivity remained in the solution (Fig. 5A) . Parallel HPLC data demonstrated that atrazine had completely disappeared within 85 h, thereby suggesting metabolite accumulation. With glucose as a C source, 50% of the added label was recovered as 14 CO 2 and approximately 40% of 14 C remained in the solution (Fig. 5B) . Less than 3% of the added radioactivity was associated with cells retained on filters in both experiments.
The presence of [ ϩ and NO 3 Ϫ were not directly involved in the regulation of the degradative genes of atrazine mineralization. Under anaerobic conditions, atrazine was degraded at reduced rates and the degradation was completely inhibited when the medium was supplemented with NH 4 ϩ . The pathway of atrazine transformation under anaerobic conditions is unknown at present. Although data are not currently available, it is feasible that the dealkylation and subsequent oxidation of atrazine side chains are coupled with denitrification. The ring carbon has the same valence as that of CO 2 and, therefore, cannot support denitrification-coupled respiration or cellular synthesis.
Few organisms with the ability to transform s-triazines under anaerobic conditions have been isolated. A facultatively anaerobic, gram-negative bacterium capable of using cyanuric acid as a C source and N source under anaerobic conditions has previously been reported (8) . This is a somewhat confusing finding because (i) the carbon in cyanuric acid is already in its most-oxidized form and would require an energy-expensive, reductive pathway for cellular synthesis and (ii) nitrification of the N in cyanuric acid was apparently not the route of the energy-yielding metabolism. Moreover, other studies have suggested that OOOT is utilized only as an N source, without providing either C or energy to the cell (3, 5, 22) . M91-3 clearly transforms atrazine anaerobically, but its ability to conserve energy from atrazine degradation under these conditions remains unknown.
The mass balance data showed complete dechlorination of atrazine. Since accumulation of NH 4 ϩ was not observed with excess glucose, it can be inferred that all of the N equivalents from atrazine were assimilated. With a C/N ratio of 8:5 (i.e., with atrazine as the sole substrate), part of the excess N was released as ammonia. In addition, qualitative analysis showed the presence of biuret, urea, and an unidentified metabolite in spent culture medium, which accounts for the lack of complete mineralization of atrazine-N. (5) . The abiotic dechlorination of COOT could not be unequivocally ruled out in these experiments, and thus the dehalogenation activity of this organism remains unconfirmed. The apparent ability of this isolate to utilize atrazine for energy and carbon confirms dealkylation since the alkyl side chains are the only source of reduced C in the atrazine molecule. On the basis of the mineralization data and the utilization of cyanuric acid as an N source, it is clear that the isolate can cleave the s-triazine ring and thereby produce biuret, CO 2 , and NH 4 ϩ . Since the organism is slow in using biuret as an N source, biuret may account for some of the water-soluble radioactivity accumulated in radiolabelled-atrazine experiments.
The reason for the apparent persistence of residual urea and biuret in spent culture media is not clear, particularly because the isolate was urease positive. Utilization of biuret may be a slow step in the pathway, as evident from the experiments in which biuret was the sole N source. On the other hand, biuret as well as urea is readily hydrolyzed by soil bacteria. Thus, partial mineralization of atrazine by M91-3, in conjunction with degradative activities of other soil microorganisms, may have application in biological treatment methods for the complete mineralization of s-triazines in herbicide-contaminated soils and wastewater. 
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